tion of the rate of appearance of one or another specific cargo proteins in CSF after 2 H 2 O labeling could reveal neuronspecific defects that occur early in a disease process. More generally, stable isotope labeling of precursor pools followed by either cross-sectional or longitudinal CSF sampling offers a powerful tool to explore aspects of pathologic processes in the brain that are unlikely to be detected by either proteomic or metabolomic measures of absolute steady-state concentrations. Combining measures of total analyte and rates of appearance of labeled newly synthesized forms should increase our ability to define early stages of neurodegenerative diseases and facilitate the development and testing of novel therapies targeted to the pathologic process. In other words, treating the biomarker (e.g., cholesterol) may offer a path to prevent-
When NK cells overcome their lack of education
Baptiste N. 
NK cell education
The functional maturation of NK cells includes a process of education, also referred as to licensing, arming, or tuning, by which NK cells acquire effector functions that are adapted to the host in which they develop (2) (3) (4) (5) . In addition to its wellknown role in the regulation of NK cell effector functions, MHC-I recognition by inhibitory receptors is also involved in NK cell education. When NK cells cannot sense self MHC-I, as in MHC-I-deficient mice or patients, individuals do not develop autoimmune disorders, and the NK cells are hyporesponsive to stimulation in vitro ( Figure 1A ) (6) (7) (8) . Various conflicting models have been proposed to describe how the interaction of MHC-Ispecific receptors with their ligands contributes to NK cell education (2) (3) (4) (5) . A unifying model inspired from the arming/ disarming model initially proposed by David Raulet and colleagues (2) is consistent with the experimental data published so far. In this scenario, NK cells sense target cells via the combined engagement of activating, inhibitory, and adhesion receptors. The intensity of the NK cell response is commensurate with the inte-four of which encode inhibitory cell surface receptors that interact with a specific group of MHC-I molecules (Figure 2 and ref. 16 ). This locus is subjected to extensive genetic variation, both in the number of genes present and in the sequence of each KIR allele (16) . An additional level of complexity arises from the variegated expression of KIR genes in NK cell clones, leading to a vast diversity of NK cells present within each individual. As a consequence of these mechanisms and the absence of cosegregation of KIR and HLA genes, a fraction of NK cells may lack inhibitory receptors specific for self-MHC-I in each individual. Given that the interaction between inhibitory KIRs and their HLA ligands educates NK cells to acquire their full reactivity, the fraction of NK cells in the missing KIR ligand patients that only expresses inhibitory KIRs that have no cognate HLA ligand is hyporeactive in vitro ( Figure 2 ). In contrast, all NK cells are educated in all ligands present patients. Therefore, the overall NK cell reactivity in these patients should be greater than that in missing KIR ligand patients. However, Tarek et al. found that patients with missing KIR ligands showed improved overall and progression-free survival when treated with 3F8. In vitro, both educated and uneducated NK cells were activated against NB targets by the 3F8 treatment through CD16, but educated actin meshwork structures in uneducated NK cells (12) . The fact that MHC-I-dependent education does not trigger profound and permanent modifications in the developmental program of NK cells (12) renders this process more versatile than initially thought. Adoptive transfer experiments have shown that NK cells expressing inhibitory receptors can switch from a hyporesponsive to a competent status upon recognition of the cognate MHC-I molecule, highlighting the constant adjustment of the NK cell reactivity to its surrounding environment (13, 14) .
Self-MHC-I molecules do not inhibit uneducated NK cells
In this issue of the JCI, Tarek and colleagues have analyzed the contribution of educated and uneducated NK cells (that they refer as to licensed and unlicensed NK cells, respectively) in the killing of neuroblastoma (NB) tumors upon treatment with 3F8, a mAb targeting the disialoganglioside surface antigen GD2 (15) . They genotyped patients with NB and divided the cohort into two groups: those lacking any HLA ligand for inhibitory KIRs (referred to as "missing KIR ligand" patients) and those with all HLA ligands for inhibitory KIRs (referred to as "all ligands present" patients). Fourteen KIR genes clustered in chromosome 19q13.4 have been described in humans, gration of these signals. Upon encountering target cells expressing activating ligands but lacking MHC-I, NK cells are activated rapidly, as NK cell degranulation and cytokine production can be detected in less than 4 hours. However, the overactivation of NK cells would lead to their desensitization for further interactions with other targets. Thus, in the absence of host MHC-I, frequent interactions with cells lacking MHC-I and also expressing activating ligands would lead to NK cell desensitization, consistent with the hyporeactivity of NK cells observed in MHC-I-deficient patients and mice (9) (10) (11) . According to this model, a key factor of the adaptation of NK cell reactivity to changes in their environment resides in their duration. An acute downregulation of MHC-I expression would lead to NK cell activation, whereas a chronic downregulation of MHC-I would lead to the chronic activation of NK cells and induce their hyporeactivity. Although the exact molecular mechanisms leading to the hyporeactivity of uneducated NK cells are not fully understood, the confinement of activating receptors at the plasma membrane of NK cells is a major difference between educated and uneducated NK cells. In educated NK cells, activating receptors localize in nanodomains, while they remain linked to ligand are educated and are expected to display greater reactivity than uneducated NK cells. Tarek and colleagues demonstrated that in given stimulatory conditions the KIR-mediated inhibition is a strong enough signal to prevail over the responsive advantage delivered during the education process. That uneducated NK cells are not permanently hyporesponsive and can dominate antitumor responses supports the development of strategies targeting educated NK cells, such as the anti-KIR mAb, and suggests that impacting on the education process of NK cells might not be necessarily prohibitive.
ing NK cells should be of particular interest. One way to stimulate effector NK cells is the use of anti-CD137 (4-1BB) mAb, which has shown promising ADCC boost when used in combination with rituximab (anti-CD20) or trastuzumab (anti-HER2) (18, 19) . In NB, the persistent expression of the self-MHC-I on tumor cells is a key factor impairing the full activation of NK cells expressing self-MHC-I-specific inhibitory receptors. Thus, another promising approach to prevent the MHC-I-mediated inhibition of educated NK cells is to block inhibitory KIRs with a mAb (20) . Coupling the anti-GD2 and anti-KIR mAb treatment is an attractive possibility to activate the entire NK cell population and to improve the overall survival of patients with NB and notably of those in which all KIR ligands are present.
Perspectives
Observations by Tarek and colleagues can be seen from two different perspectives. From the classical target cell recognition point of view, their findings are consistent with the inhibitory role played by KIRs, i.e., NK cells are more potent when relieved of MHC-I-dependent inhibition. However, from the education point of view, NK cells expressing KIRs which recognize MHC-I NK cells were selectively inhibited by HLA ligands expressed on NK targets. Tarek and colleagues thus demonstrate that KIRmediated inhibition upon interaction with its HLA ligand on target cells overcomes the responsive advantage delivered during the education process (15) . These observations are consistent with a previous study in the mouse showing that uneducated NK cells are critical for the response against mouse cytomegalovirus (17) . Taken together, these studies reveal that during the course of cancer or viral infection, uneducated NK cells can have a dominant and beneficial impact, challenging the association of the absence of education and hyporeactivity. Thus, the calibration of NK cell reactivity resulting from MHC-I-dependent education is sufficient to prevent NK cell autoreactivity at steady state, but it can be overridden in stress conditions (tumors, microbial infections) and upon treatment with therapeutic antibodies.
Could educated NK cells be rendered as efficient as uneducated NK cells?
Several strategies can be envisioned to boost NK cell reactivity against tumors in patients. The use of therapeutic therapies combining a tumor-targeting antibody with a second antibody specifically activat- 
